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Among  different  transition  metal  oxides  cobalt  oxide  (C03O4)  has  attracted  considerable  attention  for 
supercapacitor  applications  because  of  its  superior  electrochemical  characteristics  at  relatively  low  cost. 
Nanostructured  C03O4  electrodes  are  usually  prepared  from  powders  using  sol-gel  and  hydrothermal 
techniques,  which  require  multi-step  procedures  and  longer  processing  times.  Here,  we  report  synthesis 
and  characterization  of  Co304  supercapacitor  electrode  films  deposited  directly  on  current  collectors  via 
a  single  step  solution  precursor  plasma  spray  route.  In  this  approach,  an  aqueous  solution  containing 
cobalt  acetate  is  axially  fed  into  plasma  plume  to  produce  nanoparticulates  of  Co304  via  accelerated 
thermo-chemical  conversion  process,  which  are  eventually  deposited  on  a  current  collector  substrate. 
Thus,  developed  C03O4  electrodes  showed  nano  particulate  structure  with  porosity.  The  phase  structure 
and  crystallinity  of  C03O4  electrode  films  were  analyzed  by  X-ray  diffraction  and  differential  scan¬ 
ning  calorimetry-thermogravimetry  (DSC-TGA)  studies.  Electrochemical  performance  of  these  coatings 
showed  a  specific  capacitance  of  ~162Fg-1  with  a  retention  capacity  of  72.2%  after  1000  cycles  for  a 
specific  current  rate  of  2.75  A  g-1  in  6  M  KOH  electrolyte. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Electrochemical  supercapacitors  are  novel  charge-storage 
devices  with  power  density  more  than  the  batteries,  and  energy 
density  more  than  the  conventional  capacitors  [1-6].  They  also 
exhibit  excellent  reversibility  and  longer  cycle  life  compared  to  the 
batteries  [3,5].  Supercapacitors  are  being  employed  in  different 
applications  ranging  from  mobile  electronic  devices  to  back-up 
power  supplies,  hybrid  electric  vehicles,  etc.  [1,5].  The  energy  stor¬ 
age  mechanism  in  electrochemical  capacitors  is  usually  Faradic 
and  non-Faradic  in  nature  [3,5].  The  non-Faradic  capacitance  arises 
from  charge  separation  at  the  electrode/solution  interface,  whereas 
the  Faradic  pseudocapacitance  comes  from  the  reversible  redox 
reactions  occurring  within  the  electroactive  material  because  of 
several  oxidation  states.  There  are  different  metal  oxides  and  metal 
hydroxides  (e.g.:  Ru02,  transition  metal  oxides,  transition  metal 
hydroxides,  etc.)  which  can  be  used  as  supercapacitor  electrodes 
[4,7,8].  Ru02  is  known  to  exhibit  outstanding  properties;  however, 
due  to  the  cost  concerns  considerable  efforts  have  been  shifted 
toward  developing  transition  metals  based  (oxides  and  hydrox¬ 
ides)  electrodes  for  supercapacitor  applications.  Among  various 
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transition  metal  oxides  Co304  has  attracted  significant  attention 
because  of  multiple  applications,  including  in  the  batteries,  cataly¬ 
sis  and  supercapacitors  [4,9].  Also,  Co304  was  observed  to  exhibit 
good  electrochemical  performance  in  alkaline  solutions  with 
favorable  pseudocapacitance  characteristics  [4].  Following  redox 
reactions  are  considered  to  be  responsible  for  pseudocapacitance 
of  C03O4  in  the  alkaline  solutions  [10] 

CoOOH  +  OH-  ^  Co02  +  H20  +  e-  (1 ) 

C03O4  +  H20  +  OH-  +±  3CoOOH  +  e"  (2) 

Usually,  nanostructured  electrodes  with  porosity  are  desired 
for  enhanced  electrochemical  reaction  kinetics  in  supercapacitors 
as  they  provide  large  surface  area,  easy  accessibility  to  the  elec¬ 
trolyte  and  reduced  mass  and  charge  diffusion  distances  [4].  There 
has  been  extensive  ongoing  research  to  develop  nanostructured 
C03O4.  Various  processing  techniques,  including  wet  chemical  pro¬ 
cesses  [4,11-16],  solid  state  syntheses  [17],  hydrothermal,  electro 
deposition  [18],  RF  magnetron  sputtering  [19]  vapor  based  and 
microwave  methods  [20-24],  have  been  adopted  to  tailor  the  struc¬ 
tures  of  C03O4  and  thereby  the  electrochemical  properties.  But, 
most  of  these  techniques  lead  to  production  of  nanostructured 
powders  of  Co304,  which  consequently  require  further  processing 
to  develop  the  electrode  coatings  on  the  current  collectors  [25].  On 
the  other  hand,  few  research  groups  [26,14,27-36]  have  concen¬ 
trated  on  developing  self-supported  nanowire/nanotube  arrays  of 
C03O4  with  or  without  template  assistance.  In  contrast  to  these 
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Fig.  1.  Solution  precursor  plasma  deposited  flexible  C03O4  electrode  on  a  stainless 
steel  sheet  (SS304)  current  collector. 

techniques,  here,  we  report  rapid  processing  of  nanostructured 
C03O4  electrodes  directly  on  a  current  collector  using  a  solution 
precursor  plasma  deposition  route.  This  approach  makes  use  of  an 
aqueous  solution  precursor  comprising  cobalt  acetate  to  synthesize 
bulk  scale,  nanostructured,  porous  and  flexible  C03O4  electrodes 
(see  Fig.  1)  in  ambient  conditions.  It  is  also  capable  of  developing 
electrode  films/coatings  on  complex  shapes.  During  the  synthe¬ 
sis  process,  solution  precursor  is  fed  through  an  atomizer  into  the 
plasma  plume,  which  then  undergoes  accelerated  thermo-chemical 
conversion  to  form  fine  Co304  phase  particulates.  Thus,  converted 
C03O4  particles  propel  toward  the  substrate/current  collector  to 
form  electrode  films  (thickness  ~10-15[xm).  Characterization  of 
these  electrodes  in  terms  of  microstructure  and  electrochemical 
performance  are  discussed  in  the  forthcoming  sections. 

2.  Experimental  procedure 

Solution  precursor  was  prepared  by  dissolving  0.2  moles  of 
cobalt  acetate  tetrahydrate  (98%  pure,  Alfa  Aesar,  USA)  in  1000  ml 
of  deionized  water.  For  complete  dissolution  of  cobalt  salt,  solution 
was  stirred  for  half  an  hour  using  a  magnetic  stirrer.  A  modified 
100FIE  plasma  gun  (Progressive  Technologies  Inc.,  Grand  Rapids, 


Table  1 

Solution  precursor  plasma  spray  process  parameters. 


Parameter 

Value 

Power  (kW) 

55 

Primary  gas  (m3  h-1 )  (argon) 

4.68 

Secondary  gas  (m3  h-1 ) 

Nitrogen  and  hydrogen 

2.5  and  2.86 

Standoff  distance  (mm) 

135 

Feed  rate  (ml  min-1)  (solution  precursor) 

45 

Material  deposition  density  (mg cm-2) 

~2.9-3.8 

MI,  USA)  was  used  for  depositing  Co304  films  on  a  25  |jim  thick 
stainless  steel  (304  SS,  McMaster  Carr  Inc.,  USA)  sheet  (current 
collector).  An  axial  liquid  atomizer  was  used  to  feed  the  solution 
precursor  into  the  plasma  plume.  Spray  parameters  employed  for 
deposition  of  C03O4  films  are  shown  in  Table  1. 

Phase  and  crystallinity  of  all  the  materials  were  determined 
from  X-ray  diffraction  (XRD)  studies  conducted  using  a  Rigaku 
Miniflex  X-ray  diffraction  machine  with  a  Cu  Ka  radiation 
( A  =  1 .5402  A).  DSC-TGA  experiments  were  performed  on  SDT  Q600 
by  heating  the  samples  from  room  temperature  to  1200°C  in  air 
with  a  ramp  rate  of  20°Cmin_1.  Surface  and  bulk  microstructures 
were  examined  using  SEM  (Hitachi  2600-N)  and  TEM  (Hitachi  HT 
7700),  respectively.  The  samples  for  TEM  studies  were  prepared 
following  drop-cast  method  using  scraped  powders  of  Co304  films. 
Electrochemical  characterization  was  done  at  room  temperature 
using  6M  KOH  electrolyte  on  Biologic  VMP3  analyzer  in  three- 
electrode  configuration,  where  Co304  electrode  was  the  working 
electrode,  a  Ag/AgCl  was  the  reference  electrode,  and  a  platinum 
mesh  (2.5  cm  x  2.5  cm)  was  the  counter  electrode.  Electrochemical 
impedance  spectroscopy  measurements  were  done  with  a  fre¬ 
quency  range  of  10  mHz-1  MHz. 

3.  Results  and  discussion 

3.1.  Synthesis  and  phase  analysis 

Fig.  2  shows  a  schematic  of  solution  precursor  plasma  depo¬ 
sition  technique  used  for  the  synthesis  of  Co304  electrodes  in  the 
present  research.  As  shown  in  Fig.  2,  the  solution  precursor  is  atom¬ 
ized  by  compressed  air  in  the  atomizer  and  enters  into  plasma 
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Fig.  2.  Schematic  of  solution  precursor  plasma  deposition  technique. 
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Fig.  3.  C03O4  electrode  films  synthesized  using  solution  precursor  plasma  deposi¬ 
tion  technique  (inset  -  zoom  in  view). 

plume  as  fine  droplets.  Then  the  high  temperatures  of  plasma 
plume  accelerate  the  thermo-chemical  conversion  of  the  solution 
precursor  droplets  into  Co304,  which  eventually  deposit  on  the 
stainless  steel  (SS304)  substrate  i.e.,  current  collector.  Fig.  3  shows 
an  SEM  image  of  the  Co304  electrode  developed  following  this 
approach.  Crystallinity  and  phase  structure  of  the  as-deposited 
films  were  determined  by  X-ray  diffraction  studies,  which  are 
shown  in  Fig.  4  along  with  the  X-ray  diffraction  pattern  of  com¬ 
mercial  C03O4  powders.  These  studies  confirm  cubic  phase  and 
polycrystalline  nature  of  the  Co304  electrode  films.  It  is  evident 
from  the  literature  [32,37,38]  that  formation  of  Co304  phase  during 
thermo-chemical  conversion  of  Cobalt  acetate  tetrahydrate  (CATH) 
could  be  dependent  on  several  factors;  for  example,  the  processing 
conditions  employed.  According  to  Mohamed  et  al.  [32],  dissoci¬ 
ation  of  CATH  at  high  temperatures  (>400  °C),  and  especially  in 
presence  of  air,  can  result  in  the  formation  of  Co304  phase.  Other¬ 
wise,  it  could  lead  to  the  formation  of  CoO  or  metallic  Co  phases 
in  N2  and  H2  atmospheres,  respectively  [37,38].  In  the  plasma 
deposition  approach,  the  thermo-chemical  conversion  of  solution 
precursor  and  deposition  of  the  electrode  films  is  usually  carried 
out  in  ambient  air,  and  therefore,  influence  of  ambient  oxygen 
on  the  formation  of  Co304  is  quite  plausible.  However,  the  extent 
of  thermo-chemical  conversion  of  solution  precursor  droplets  is 
dependent  on  several  process  parameters;  such  as  the  temperature 
of  the  plasma  plume,  size/mass  of  the  atomized  droplets,  time  of 
retention  for  the  droplets  within  the  plasma  plume,  and/or  velocity 


Angle  (2  0)  /  Degree 


Fig.  4.  X-ray  diffraction  patterns  for  solution  precursor  plasma  deposited  Co304 
electrode  and  commercial  C03O4  powders. 


of  the  droplet  injection.  In  fact,  all  these  parameters  are  interdepen¬ 
dent,  because  the  velocity  of  injection  can  limit  the  droplet  size  in 
thermo-chemical  conversion  process  by  affecting  the  total  time  of 
retention  in  the  plasma  plume.  Small  droplet  size  is  preferred  for 
rapid  thermo-chemical  conversion,  and  the  size  of  the  droplets  dur¬ 
ing  atomization  process  can  be  tailored  by  varying  the  pressure  of 
compressed  air  as  well  as  the  flow  rate  of  the  solution  precursor. 
But,  the  pressure  of  atomization  gas  (compressed  air)  can  also  act 
together  with  the  velocity  of  the  plasma  jet  and  control  the  time  of 
retention.  Hence,  these  three  parameters  are  very  critical  to  achieve 
maximum  conversion  of  the  solution  precursor  before  depositing 
on  the  substrate/charge  collector.  Detailed  discussion  of  solution 
precursor  spray  deposition  can  be  found  elsewhere  [39,40]. 

To  understand  the  thermo-chemical  conversion  of  solution  pre¬ 
cursor  in  the  plasma  plume,  we  conducted  DSC-TGA  studies  on  the 
solution  precursor  and  these  are  shown  in  Fig.  5.  The  endothermic 
peak  around  100°C  in  DSC  heat  flow  curve  and  associated  weight 
loss  in  TGA  data  indicate  evaporation  of  water  molecules.  However, 
further  endothermic  reaction  above  100°C  with  very  little  weight 
loss  may  be  due  to  dissociation  of  CATH.  Literature  [32,37,38]  sug¬ 
gests  that  dissociation  of  CATH  occurs  in  different  stages  with 
increasing  the  temperature.  Mohamed  et  al.  [32]  showed  initial 
conversion  of  CATH  into  monohydrate  and  further  dehydration 
with  increasing  temperatures  above  200  °C.  All  the  stages  of  dehy¬ 
dration  are  usually  associated  with  very  small  amounts  of  weight 
loss  and  endothermic  reactions.  Although,  the  endothermic  reac¬ 
tions  in  the  present  data  are  not  clearly  discernible  in  the  DSC 
heat  flow  curve,  but  the  TGA  graph  shows  gradual  weight  loss 
due  to  the  dehydration  of  CATH.  According  to  Mohamed  et  al. 
[32]  the  volatile  decomposition  products  of  CATH  were  acetone, 
acetic  acid,  acetaldehyde  and  C02  and  the  exothermic  peak  around 
360  °C  could  be  because  of  the  oxidation  of  non-volatile  dissoci¬ 
ation  products,  such  as  formation  of  Co304  phase.  However,  with 
further  increase  in  the  temperature  there  was  an  endothermic  peak 
around  900  °C  and  it  must  be  due  to  conversion  of  Co304  into  CoO 
with  a  slight  amount  of  oxygen  loss,  which  is  also  apparent  from  the 
weight  loss  in  TGA  curve.  Therefore,  we  believe  that  the  solution 
precursor  will  undergo  similar  thermo-chemical  conversion  pro¬ 
cess  when  the  atomized  droplets  of  solution  precursor  are  exposed 
to  the  plasma  plume,  but  at  rapid  rates  because  of  high  temper¬ 
atures  of  the  plasma  (~1 0,000-1 2,000  °C).  In  the  early  stages  of 
conversion  process,  a  huge  volume  change  in  the  size  of  solution 
precursor  droplets  can  also  be  expected  due  to  evaporation  of  water 
molecules.  But,  as  the  particles  exit  the  plasma  plume  and  propel 
toward  the  substrate  in  the  ambient  atmosphere,  their  tempera¬ 
tures  fall  rapidly.  The  temperature  of  the  substrate  was  measured 
to  be  around  350-365  °C  throughout  the  deposition  process,  which 
is  below  900  °C  and  because  of  this  reason  we  expect  conversion 
of  CoO  back  into  Co304  in  the  deposited  coatings.  On  the  other 
hand,  it  is  also  possible  that  the  size  of  some  of  the  droplets  could 
also  limit  the  high  temperature  conversion  of  Co304  into  CoO  in 
the  plasma  plume  itself  because  of  large  thermal  mass.  The  other 
possibilities  could  include  incomplete  conversion  of  the  solution 
precursor  droplets  (in  the  plasma  plume),  and  incomplete  back 
conversion  of  CoO  into  Co304  due  to  rapid  quenching  after  exit¬ 
ing  the  plasma  plume.  Therefore,  one  can  expect  to  have  Co304 
phase  in  the  as-deposited  coatings  along  with  a  mixture  of  partially 
converted  solution  precursor  phase  (CATH),  as  well  as  quenched 
CoO  phase.  In  the  present  study,  the  X-ray  diffraction  pattern  of 
as-deposited  C03O4  film  (see  Fig.  4)  did  not  indicate  existence  of 
CoO  or  unconverted  CATH  phases.  Therefore,  to  determine  the  exis¬ 
tence  of  other  phases  and  the  thermal  stability  of  the  Co304  films, 
DSC-TGA  scans  were  run  on  scraped  powders  of  as-deposited  films, 
which  are  shown  in  Fig.  6.  The  DSC  heat  flow  curve  shows  endother¬ 
mic  nature  in  the  beginning  with  couple  of  exothermic  peaks  above 
200  °C.  There  is  also  a  continuous  weight  loss  till  400  °C  in  the  TGA 
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Fig.  5.  Differential  scanning  calorimtery  (DSC)-thermogravimetry  (TGA)  analysis  of  solution  precursor  (a)  DSC  -  heat  flow  curve  and  (b)  TGA  -  weight  change  curve. 


curve.  The  endothermic  behavior  and  corresponding  weight  loss 
could  be  attributed  to  possible  evaporation  of  adsorbed  moisture 
in  the  coatings.  However,  the  exothermic  peaks  and  weight  loss 
above  200  °C,  which  is  similar  to  the  DSC-TGA  curves  shown  by 
the  solution  precursor,  indicate  presence  of  unconverted  material 
in  the  coatings.  Absence  of  X-ray  diffraction  peaks  for  uncon¬ 
verted  material  in  Fig.  4  may  be  related  to  the  detection  limit  of 
the  X-ray  diffraction  technique.  Above  400  °C,  there  is  no  change 
in  weight  till  900  °C.  The  endothermic  peak  and  corresponding 
weight  loss  around  900  °C  could  be  attributed  to  conversion  of 
C03O4  into  CoO.  Thus,  these  studies  clearly  indicate  a  require¬ 
ment  for  controlled  optimization  of  plasma  deposition  process 
parameters  to  obtain  full  conversion  of  the  solution  precursor 
into  C03O4  phase. 

3.2.  Microstructural  characterization 

The  surface  microstructures  of  as-deposited  Co304  films  are 
shown  in  Fig.  3  at  different  magnifications.  During  the  deposition 
process,  the  thermo-chemically  converted  particles  in  the  plasma 
plume  could  melt  partially/fully  and  fuse  together  into  clusters 
because  of  very  high  temperatures  of  the  plasma  plume,  and  there¬ 
fore,  films  could  have  agglomerates  of  fused  particles.  Due  to  the 
particulate  nature,  these  films  also  exhibit  porosity  as  shown  in 
Fig.  3.  Usually,  porosity  of  the  electrode  material  provides  large 
surface  area  and  an  easy  access  for  the  electrolyte,  and  thereby  facil¬ 
itates  redox  reactions  during  charge/discharge  process.  Therefore, 
porous  microstructures  of  the  current  C03O4  electrodes  are  very 
much  desired  for  enhanced  performance  of  supercapacitors.  Fig.  7 
shows  the  bulk  microstructural  analysis  of  Co304  films.  Fig.  7(a) 
shows  a  high  magnification  TEM  image  of  agglomerates  of  Co304 


particulates,  and  these  particulates  must  have  been  the  resultant 
of  thermo-chemical  conversion  of  the  solution  precursor  droplets. 
The  size  of  these  particles  is  in  the  range  of  1 0-50  nm.  Nanoparticles 
of  the  C03O4  phase  are  also  very  important  for  better  electrochem¬ 
ical  performance  as  they  provide  large  surface  area  with  reduced 
mass  and  charge  diffusion  distances  for  rapid  electrochemical  reac¬ 
tions.  Fig.  7(b)  shows  interplanar  spacing  between  two  consecutive 
(111)  planes  of  Co304  crystal  structure  inside  a  particulate.  The 
diffraction  pattern  in  the  inset  of  Fig.  7(a)  and  high-resolution  image 
in  Fig.  7(b)  also  confirm  the  cubic  phase  of  Co304. 

3.3.  Electrochemical  characterization 

Electrochemical  characterization  of  the  as-deposited  Co304 
electrode  films  was  done  without  adding  binder  or  carbon  additive. 

3.3. 1 .  Cyclic  voltammograms 

The  cyclic  voltammetry  (CV)  studies  were  performed  between 
-0.1  and  0.5  V  at  different  scan  rates,  which  are  shown  in  Fig.  8. 
Non-Faradic  capacitance  is  usually  known  to  be  independent  of 
the  scan  rates  and  the  potentials  employed,  as  well  as  symmetry 
of  the  CV  scans  is  expected  with  respect  to  the  zero  current  line. 
However,  the  scan  rate  dependent  behavior  and  asymmetry  of 
the  CV  scans  shown  in  Fig.  8  apparently  indicate  Faradic  reactions 
and  a  consequence  of  ohmic  resistance  as  a  result  of  electrolyte 
diffusion  within  the  electrode,  which  are  the  typical  characteristics 
of  pseudocapacitance  behavior  [3].  At  slow  scan  rate  (2mVs-1) 
the  redox  peaks  are  well  defined  at  0.37  V  (anodic)  and  0.267  V 
(cathodic)  and  literature  suggests  that  these  potentials  could  be 
the  resultant  of  redox  transitions  of  Co3+/Co4+  [  1 0,41  ]  following  the 
electrochemical  reaction  shown  in  Eq.  (2).  At  high  scan  rates  (above 


Fig.  6.  Differential  scanning  calorimtery  (DSC)-thermogravimetry  (TGA)  analysis  of  solution  precursor  plasma  deposited  C03O4  electrode  films. 
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Fig.  7.  Transmission  electron  microscopy  images  of  Co304  electrode  film  -  (a)  particulates  of  Co304  phase  and  the  diffraction  pattern  is  shown  in  the  inset,  and  (b)  high 
resolution  lattice  image  of  C03O4  particulates. 


5  mV  s-1 )  one  anodic  peak  and  two  cathodic  peaks  could  be  seen 
in  Fig.  8.  According  to  Cui  et  al.  [41  ]  the  anodic  and  corresponding 
cathodic  peaks  should  be  at  0.34V/0.13V  and  0.4V/0.25V  for 
Co2+/Co3+  (corresponding  to  Eq.  (1))  and  Co3+/Co4+  (corresponding 
to  Eq.  (2))  redox  transitions,  respectively.  At  a  scan  rate  of  2  mV  s-1 , 
there  were  only  one  anodic  and  cathodic  peaks  present  in  the  CV 
scan;  however,  the  second  cathodic  peak  started  to  appear  only 
when  the  scan  rate  was  10  mV  s-1  or  higher.  But  the  anodic  peaks 
were  shifted  to  0.44  V  or  above  for  the  scan  rates  10mVs-1  or 
higher.  Also,  the  anodic  peak  voltages  for  the  above  redox  reac¬ 
tions  are  very  close  enough  to  overlap.  Therefore,  we  believe  that 
absence  of  the  second  peak  could  be  either  due  to  broad  nature  of 
the  anodic  peaks  in  Fig.  8  at  all  the  scan  rates,  or  due  to  shift  of  the 
anodic  peaks  toward  higher  potentials  (>0.5  V)  at  higher  scan  rates 
(>1 0  mV  s-1 ).  The  shift  in  the  anodic  peak  toward  higher  potentials, 
and  the  cathodic  peaks  toward  lower  potentials  with  increasing  the 
scan  rates  could  be  related  to  the  conductivity  and  thereby  possible 
polarization  of  the  electrodes.  At  high  scan  rates,  some  of  the  active 
surfaces  on  the  electrode  may  not  be  accessible;  also  absence  of 
carbon  or  conductive  additives  may  lead  to  localized  polarization 
of  the  electrodes  [34,35].  The  relation  between  the  scan  rate  and 
cathodic  peak  current  for  Co4+/Co3+  transition  is  shown  in  Fig.  9. 
A  linear  relationship  between  the  square  root  of  the  scan  rate 


Fig.  8.  Cyclic  voltammograms  (CVs)  of  solution  precursor  plasma  deposited  Co304 
electrode  films  scanned  at  different  rates. 


and  the  peak  current  indicates  that  the  reaction  kinetics  followed 
during  the  redox  reactions  may  be  controlled  by  diffusion  process. 

3.3.2.  Electrochemical  impedance  spectroscopy  and  galvanostatic 
charge-discharge  analysis 

Fig.  10  shows  the  Nyquist  plot  for  impedance  of  the  Co304 
electrode  before  cycling  for  1000  galvanostatic  charge-discharge 
cycles  at  a  rate  of  2.75  A g-1.  The  impedance  plot  shows  a  semi¬ 
circle  in  the  high  frequency  region  and  a  straight  line  in  the  low 
frequency  region.  The  point  of  intersection  on  real  axis  in  the  high 
frequency  region  (~2.5  ft)  indicates  internal  resistance  of  the  elec¬ 
trode  in  an  open  circuit  condition.  Usually  this  resistance  is  due  to 
combination  of  ionic  resistance  of  the  electrolyte,  intrinsic  resis¬ 
tance  of  the  active  material,  and  contact  resistance  between  the 
active  material  and  current  collector  [42].  High  impedance  of  the 
present  electrodes  could  be  attributed  to  several  reasons,  such  as 
absence  of  carbon  or  conductive  additives  in  the  electrode,  porous 
nature  of  the  active  material,  and  also  possible  residual  stresses  in 
the  active  material.  During  the  plasma  spray  process,  rapid  cooling 
of  the  deposited  material  can  usually  result  in  residual  stresses  in 
the  as  deposited  C03O4  films.  The  semicircle  in  the  high  frequency 


(Scan  rate)1/2  /  (mV.S'1)1'2 

Fig.  9.  Relation  between  the  cathodic  peak  current  in  the  CV  scans  shown  in  Fig.  8 
for  a  redox  transition  of  Co4+/Co3+  and  the  CV  scan  rates. 
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Fig.  10.  (a)  Electrochemical  impedance  spectroscopy  of  the  solution  precursor  plasma  deposited  C03O4  electrode  films  before  galvanostatic  charge-discharge  cycling  as  well 
as  after  50  charge-discharge  cycles  at  a  specific  current  rate  of  2.75  Ag-1,  (b)  Equivalent  circuit  model  used  to  fit  the  impedance  spectroscopy  data. 


Time  /  S 

Fig.  11.  Galvanostatic  charge-discharge  cycles  of  the  solution  precursor  plasma 
deposited  C03O4  electrode  films  tested  at  a  specific  current  rate  of  2.75  Ag-1. 


region  is  due  to  Faradic  reactions  at  the  electrolyte  and  electrode 
interface  during  the  charge  transfer  process.  The  linear  part  of  the 
impedance  spectrum  after  the  semicircle,  which  is  also  called  War¬ 
burg  impedance,  is  related  to  the  diffusion  process  of  the  electrolyte 
within  the  pores  and  surface  layers  of  the  electrode.  The  linear 
part  of  the  impedance  is  also  typical  characteristic  of  the  capaci¬ 
tive  behavior  [2,3,5].  Fig.  10(b)  shows  the  equivalent  circuit  model 
used  to  fit  the  impedance  spectrum  shown  in  Fig.  10(a)  with  dif¬ 
ferent  elements  (also  see  Table  2).  It  is  apparent  that  the  value  of 
pseudocapacitance  element  is  more  than  the  double  layer  capaci¬ 
tance  element  indicating  more  of  the  pseudocapacitance  behavior 
of  the  present  Co304  electrode  films. 

Fig.  11  shows  the  first  two  galvanostatic  charge-discharge 
cycles  for  the  C03O4  electrode  tested  at  a  rate  of  2.75  A  g-1.  The 


drop  in  potential  during  the  discharge  process  can  be  attributed  to 
the  internal  resistance  of  the  electrode.  The  specific  capacitance  of 
was  calculated  from  the  following  equation 


where  C  is  (Fg_1)  is  the  specific  capacitance,  I  (A)  is  the  gal¬ 
vanostatic  current  employed  during  charge/discharge  cycles,  m  (g) 
is  the  amount  of  active  material,  At  (s)  is  the  time  elapsed  for 
charge/discharge  cycles,  and  AV(V)  is  the  potential  interval  chosen 
for  charge/discharge  process.  The  charge/discharge  cycles  in  Fig.  1 1 
showed  columbic  efficiency  close  to  ~99.5%,  which  indicates  excel¬ 
lent  reversibility  of  the  electrodes  during  charge-discharge  process 
and  this  could  be  attributed  to  the  porosity  and  nanostructures  of 
the  active  material  as  they  provide  large  surface  area  with  reduced 
charge  and  mass  diffusion  distances  along  with  easy  accessibility 
to  the  electrolyte. 

Fig.  12  shows  the  specific  discharge  capacitance  of  the  Co304 
electrode  tested  for  1000  charge/discharge  cycles.  It  is  apparent 
from  Fig.  12  that  there  is  a  decrease  in  the  specific  capacitance 
with  increasing  the  number  of  cycles.  A  total  capacity  of  72.2%  was 
retained  after  the  1000th  discharge  cycle.  From  Fig.  10  also  it  is 
clear  that  there  is  an  increase  in  the  impedance  with  increasing  the 
number  of  cycles.  Although  the  impedance  curves  for  the  Co304 
electrode  show  no  change  in  the  internal  resistance  before  cycling 
and  after  50  cycles,  but  there  is  an  increase  in  the  impedance  in  the 
semicircle  and  Warburgh  regions,  which  is  related  to  charge  trans¬ 
fer  phenomenon  in  the  electrode.  The  elements  of  the  equivalent 
circuit  model  (see  Fig.  10(b))  fitted  to  both  the  impedance  spec¬ 
tra  (before  cycling  and  after  50  cycles)  showed  in  Table  2  indicate 
negligible  changes  in  the  electrolyte  resistance  and  double  layer 
capacitance  (Cdl)  values,  however  a  considerable  increase  in  the 
faradic  resistance  (also,  see  the  increased  diameter  of  the  semicir¬ 
cle).  In  addition,  slightly  reduced  pseudocapacitance  (CF)  element 


Table  2 

EIS  parameters  from  the  equivalent  circuit  for  solution  plasma  sprayed  C03O4  electrode. 


^electrolyte  (  ^  Cm2  ) 

^Faradic  Cm2) 

Cdi  (mFcirr2) 

Cf  (mFcirr2) 

Ri  (£2  cm2) 

X2 

Before  cycling 

2.25 

5.241 

0.313 

40.7 

6.89  xlO14 

0.0787 

After  50  cycles 

2.51 

14.68 

0.0547 

36.1 

1289 

0.0838 

50 
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Fig.  12.  Specific  discharge  capacity  of  the  solution  precursor  plasma  deposited 
C03O4  electrode  films  tested  for  1000  cycles  at  a  specific  current  rate  of  2.75  Ag_1. 


also  indicates  overall  reduced  capacitance  of  the  films  with  more 
leakage.  Therefore,  decrease  in  capacitance  with  increasing  num¬ 
ber  of  cycles  could  be  likely  because  of  the  increased  impedance, 
and  the  reason  for  increased  impedance  could  be  due  to  fatigue  of 
the  active  material  during  cycling.  Pseudocapacitance  can  lead  to 
fatigue  of  the  electrode  material  during  the  Faradic  redox  reactions 
because  of  the  diffusion  of  ionic  species  into  the  active  material  fol¬ 
lowing  Frumkin  isotherm  [2,3,8].  Flence  the  supercapacitors,  simi¬ 
lar  to  batteries,  can  suffer  from  lack  of  stability  and  cyclability,  and 
this  can  be  explained  in  the  present  case  with  absence  of  binder  and 
carbon  additives,  which  usually  provide  cushioning  effect  during 
cycling.  But,  it  is  less  severe  in  capacitors  compared  to  the  batteries 
because  of  the  surface  layer  adsorption  of  ions.  However,  addition 
of  carbon  and  relieving  of  stresses  in  the  as-deposited  films  by  pre¬ 
heating  the  charge  collector  may  help  improve  the  cyclability  of  the 
electrodes. 

We  also  tested  the  Co304  electrodes  at  different  specific  current 
rates  to  understand  the  discharge  characteristics  as  well  as  deter¬ 
mine  the  capacity.  Fig.  13  shows  the  discharge  curves  at  different 
specific  current  rates  along  with  an  inset  showing  the  variation  of 
capacitance  as  a  function  of  the  specific  current  rates.  It  is  clear 
that  with  increasing  the  discharge  rates,  the  specific  capacitance 
decreased  and  this  is  likely  due  to  resistance  as  well  as  the  extent 


Specific  capacity  /  F.g-1 

Fig.  13.  Galvanostatic  charge-discharge  cycles  of  the  solution  precursor  plasma 
deposited  C03O4  electrode  films  tested  at  different  specific  current  rates  (inset  - 
specific  discharge  capacity  as  a  function  of  specific  current). 


of  utilization  of  the  electrodes.  At  high  discharge  rates,  the  potential 
drop  will  increase  during  the  discharge  process  and  thereby  reduce 
the  overall  capacity  of  the  electrode.  On  the  other  hand,  increased 
currents  can  also  lead  to  insufficient  Faradic  redox  reactions  and 
thereby  reduce  the  extent  of  utilization  of  the  active  material  for 
capacitance  [34]. 


4.  Summary 

In  summary,  we  have  demonstrated  successful  processing  of 
nanostructured  C03O4  electrodes  directly  on  charge  collectors  with 
an  industrial  scale  solution  precursor  plasma  deposition  technique. 
DSC-TGA,  X-ray  diffraction  and  TEM  examination  confirm  the  cubic 
C03O4  phase  in  the  as-deposited  material.  However,  optimiza¬ 
tion  of  plasma  deposition  in  terms  of  atomization  and  a  close 
temperature  control  of  the  process  are  required  for  a  complete 
conversion  of  the  solution  precursor  into  C03O4  phase.  Electro¬ 
chemical  characterization  indicated  that  the  specific  discharge 
capacities  of  solution  precursor  plasma  deposited  Co304  electrodes 
could  be  highly  reversible.  Cyclability  data  reveals  that  continuous 
charge/discharge  cycling  process  may  lead  to  fatigue  of  the  mate¬ 
rial  with  lack  of  cushioning  effect,  and  thus  result  in  an  increase  in 
the  impedance  as  well  as  reduced  capacity  because  of  the  Faradic 
nature  of  the  capacitance.  Therefore,  addition  of  carbon  along  with 
optimization  of  plasma  deposition  may  be  helpful  to  obtain  long¬ 
term  cyclability. 
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